Correction Y-branches power dividers of the multi-function integrated optics chips on proton-exchanged waveguides in lithium niobate by the technology of direct femtosecond laser writing were investigated. Optimal correction parameters and their influence on temperature stability of Y-splitter are determined.
Introduction
Proton-exchanged lithium niobate (LiNbO 3 ) waveguide with the standard Y-branching geometry is common element of the multi-function integrated optics chips (MIOC).
Although technologies for fabrication are mature, the parasitic spectral selectivity is established to be serious drawback of MIOC [1] . It has been attributed to the technological uncertainty of photolithography and proton exchange processes, providing excess of refractive index increment within Y-branching area. The resulting Ybranching power dividers were observed to undergo asynchronous, oscillatory power exchange between the output arms at monotonous temperature variation [1] . Note, that even a small temperature-dependent variation of splitting ratio may present dramatic problem for some particular applications [1] .
The direct femtosecond laser writing (DFLW) is one of the most perspective and versatile technology for fabrication of integrated optic devices in various materials, including glasses and crystals [2] . It was shown that DFLW in the bulk of LiNbO 3 leads to PhIO-2018 two distinct types of modification: an extraordinary index increase (Δn > 0) as type I and an extraordinary index decrease (Δn < 0) as type II [3] . Recently we demonstrated technique of the DFLW of tracks at record low depth under surface of LiNbO 3 [4] . In this paper, we report on the solution of the temperature instability of the splitting ratio problem in the Y-branching area using the technology of the DFLW as an extra correction track with a reduced extraordinary index (Δn < 0) may be written into any area of a proton-exchanged waveguide with excessive refractive index increase.
Materials and methods
A series of power dividers utilizing the Y-branching were delineated in X-cut LiNbO 3 substrates. The channel width W of waveguides forming an Y-splitter was varied in the range from 5.6 to 6.2 μm, where formation of a low-loss single mode channel waveguide, operating within a wavelength region from 1500 to 1580 nm, is expected [1] . To fabricate these waveguide structures with the aid of the annealed proton exchange (APE) technique, the substrates were proton exchanged at 175 ∘ C for 180 min in benzoic acid and annealed at 360 ∘ C for 7 -7.5 hours.
The low-loss Y-splitter, utilizing a Y-branching, is formed by three single-mode channel waveguides, Fig.1 . The so-called cosine shape of Y-branching was found to be most reliable for MIOC design [1] and, therefore, was used to fabricate the Y-splitter. This shape can be described by the following equations [1] : by a half-wave plate with a Glan prism system, which ensured a greater longitudinal homogeneity of tracks.
To study the DFLW effect on temperature stability of Y-branching power dividers, the fiber-pigtailed MIOCs were placed in isolated chamber. The two thermoelectric Peltier elements were soldered on water-cooler base in this chamber. These two thermoelectric Peltier elements are used to change temperature in the range from 0 to +60 ∘C.
One of these elements is the thermoelectric heater operating in the 23 -60 ∘ C range and the second one is the thermoelectric cooler, allowing for precise variation of the temperature of MIOC within the range from 0 to +23 ∘ C. Platinum temperature sensor was glued inside the chamber, utilizing special epoxy thermal conductive composition.
The optical parameters of MIOCs were measured by coupling depolarized light into the waveguides with the aid of an isotropic single mode fiber. A fiber Lyot depolarizer utilizing polarization-maintaining fiber was used to decrease sharply the degree PhIO-2018 of residual polarization of a superluminescent diode radiation (central wavelength is ∼1540 nm) and, hence, minimize a polarization-dependent error in measurement results. To determine insertion losses and splitting ratio, we use a fiber-to-fiber coupling set-up [1] . RIFOC 575L optical power meter have been used as photodetector.
Results and discussion
MIOCs (i.e., Y-splitters) have been investigated for temperature stability before and after the DFLW correction. At the same time, MIOCs with large temperature drifts of the optical power splitting ratio were selected for the DFLW correction: Splitting ratio of our worst MIOC shows nonmonotonic variation from 64:36% to 36:64% at the temperature change within the range from 0 to +60 ∘ C. At room temperature the splitting ratio was 48.5:51.5%, which was slightly different from the projected value of 50:50% for an ideal Y-splitter. It means that the temperature change leads to significant redistribution of optical power between the two output arms (section III, Fig. 1 ) due to change of the multi-mode interference in the Y-branching area of splitter (section II, over the entire temperature range studied. At the same time, the DFLW correction of PhIO-2018 Y-splitters in the MIOC structure increases the total optical insertion losses of the MIOC by a small amount from 0.1 to 1.3 dB, which is acceptable for some applications [1, 5] .
Summary
In the paper, we have reported Y-splitter of MIOC operating at wavelengths near 1550 nm correction by using technology DFLW. The optimal parameters of the correction have been experimentally found. It has been shown that MIOC becomes quite stable in temperature over the entire range. Such MIOC with a high stability of the splitting ratio at small optical insertion losses are of undoubted interest for use in medium-and high-precision optical gyroscopes [5] .
